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Abstract
Microfluidic paper-based analytical devices (µPADs) have a high potential for minia-
turizing complex testing functions, since they are inexpensive, disposable, and portable.
Paper has the advantage over traditional fluid channel systems in that it houses capillary-
driven flow, which requires no external pumps or equipment. However, these paper-based
devices have one disadvantage in that they do not enable further flow of fluids after be-
coming fully wet. In this work, active transport and concentration of analytes in fully wet
paper-based assays is demonstrated by leveraging ion concentration polarization (ICP).
The efficacy of ICP-inducing µPADs is demonstrated through transporting and concen-
trating dye, fluorescein and immunoglobulins. The application of actively concentrating
immunoglobulins – antibodies with sample concentrations that are typically below tra-
ditional limits of detection – is a novel application of ICP and can be used to create
universally accessible allergy tests.
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Microfluidic paper-based analytical devices (µPADs) are quickly gaining popularity as an
alternative to traditional plastic-based microfluidic devices, since they are portable, easily
disposable, and facilitate pump-free flow. Hence, µPADs are more ideal for downsizing
many technological applications that normally require laboratory equipment to perform,
such as diagnostics. Their inexpensive and user-friendly nature make them ideal for
low-resource and modern settings alike.
As a medium, however, paper suffers one major limitation, which is its one time use.
Any microfluidic device made out of paper can only be wetted by fluid once, after which
further transport of the fluid, or the analytes within it, cannot naturally take place.
Although, as microfluidics gains more popularity and tests get more complicated and
demanding, the need for this post-wetting flow has grown. As tests become more precise,
active transportation and concentration of analytes in solutions after their deposition has
1
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become an asset, with low sample concentrations and small sample sizes making analyte
detection and testing more difficult.
One kind of testing that demands an improvement of its analyte detection methods is
allergy testing. My lab is currently working on a joint project with ExVivo Labs, the goal
of which is to create a convenient, point-of-care, user-friendly allergy test. The final ideal
device would be a small paper stamp that would, when applied to the skin, painlessly
extract interstitial fluid and test it for allergy biomarkers. A significant hurdle in this
process is the low concentration of these biomarkers - called immunoglobulins - in human
sample, and the inability to detect them and perform complex chemistry on them. Herein
lies the opportunity on which this thesis focuses; a µPAD that could actively transport
and concentrate these biomarkers after sample extraction would enable the functionality
of this allergy test (as well as enhance the functionality of paper-based devices involving
immunoglobulins at large). The goal of this theses is to confirm whether or not the
electrokinetic process called ion concentration polarization can do this.
1.2 Background
1.2.1 Microfluidics
Microfluidics, as a field of study, encompasses the science and technology concerning the
behaviour and manipulation of fluids in channels that have dimensions of micrometers.
The impact and relevance of this field has grown rapidly in recent years, as microfluidic
systems continue allowing the miniaturization of more complex testing functions into
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small simple devices, making them more widely accessible.
While the process of scaling down functional tests like this gives way to many unique
opportunities, it also results in many counter-intuitive phenomena that must be con-
sidered in their design. As the length-scale of any system is reduced to the microscale
domain, substantial changes in the relative effects of physical laws are observed. For
instance, a cube with a 1 m side length has a length, surface area, and volume of 1 m, 6
m2, and 1 m3, respectively. If the side length of this cube were to be scaled down to 1
mm, the side length, surface area, and volume would become 1 x 10-3 m, 6 x 10-6 m2, and
1 x 10-9 m3, respectively. Importantly, the physical forces that are proportional to length,
such as surface tension, are only 1000 times smaller with the 1 mm cube; but those forces
that are proportional to area, such as pressure, become 106 times smaller; and volume
forces, such as gravity, are 109 times smaller. These often times dramatic changes in
the relationship between physical parameters in systems of different sizes are known as
scaling laws. Figure 1 below provides an overview of experimental data illustrating these
laws.
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Figure 1: The result of scaling on different forces. The points represent experimental
data, while the dashed lines represent scaling laws of various phenomena.
The boundary separating the dominance of weight (gravity) and capillary
forces (surface tension) is known as the capillary length [1].
As seen in the above figure, surface tension (labelled as “Capillary forces”) proves to be
the dominating force on the microscale. This is a critical reality, because it provides new
functionalities in microscale devices, such as fluid flow that does not require a pump.
This pump-free fluid flow is referred to as capillary-driven flow.
1.2.2 Capillary-Driven Flow
Capillary-driven flow is the ability of a liquid to flow through small gaps between surfaces
without the use of, or even against, external forces [1]. As stated, this phenomenon
results primarily from the dominance of surface tension forces over all other forces at the
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small scale being considered. Surface tension is the force generated at the interface of
unlike substances due to the imbalance of cohesive forces between like molecules and the
adhesive forces between unlike molecules [2]. A simple example of capillary-driven flow is
the rise or fall of a liquid in a small-diameter tube that has been inserted into the liquid,
as shown in Figure 2.
H2O Hg
(a) (b)
Figure 2: The capillary effect in a solid glass tube observed across different (a) tube
diameters and (b) liquid substances.
The capillary effect shown above results from the imbalance of cohesive forces between
the like liquid molecules and the adhesive forces between the unlike liquid and solid
molecules. The resulting curvature of the liquid surface is called the meniscus [3]. A
liquid is said to “wet” the solid surface when the liquid molecules are more strongly
attracted to those of the solid than they are to the other liquid molecules, thus resulting
in the concave-up meniscus exemplified by water (assuming the solid to be, for example,
glass in this case). Liquid mercury does not wet a glass container due to its internal
cohesive forces dominating the mercury-glass adhesive forces, which results in a concave-
down meniscus.
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The fact that the liquid-gas interface is curved, along with the realization that this
surface is in energetic equilibrium, implies that there must be a pressure difference across
it. This pressure difference can be used as one way to measure the strength of the
observed capillary-driven flow. With γ representing the surface tension between the two
substances that make up the interface surface, and R1 and R2 being the local radii of
curvature in the x and y direction, the pressure drop is calculated to be the following,










Another way to quantify capillary-driven flow is the contact angle. The contact angle
is defined as the angle that appears at the contact line between three different substances
[3]; such as the angle at the glass-water-air interface at the edge of the meniscus in Figure
2(a). To illustrate this more precisely, Figure 3(a) below shows a sessile droplet’s contact
angle, θ. A liquid is said to “wet” the solid surface when θ < 90◦, and to not wet
the surface when θ > 90◦. When water is in contact with air and a given solid, any
wet-able solid is referred to as hydrophilic, while any non-wet-able solid is referred to as
hydrophobic.





















Figure 3: (a) The “sessile droplet”; a standard method of measuring the contact angle
of a particular liquid-solid-gas interface. A wet-able (θ < 90◦) and
non-wet-able (θ > 90◦) example, respectively. (b) A cross-section of a sessile
droplet depicting the three different surface tensions at play when
considering the capillary effect. In this view the three-phase contact line is
seen as a point, represented by the orange dot. (c) A sketch of a small
displacement of the contact line, δl away from the equilibrium position.
In equilibrium, θ is set by the balance of the three surface tensions at play. The surface
tensions of the solid-liquid, liquid-gas, and solid-gas interfaces are represented by γsl, γlg,
and γsg, respectively, as seen in Figure 3(b). Modeling the geometry of the contact line
undergoing a differential displacement, as shown in Figure 3(c), Young’s Equation for





Capillary-driven flow has led to many small-scale technological applications, most
notably in the field of “Lab-on-a-Chip”. Paper, as a substrate for such chip-like devices,
takes advantage of the discussed attributes of surface tension and capillary-driven flow.
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This is due to paper’s cellulose-based fibers providing the high surface area of hydrophilic
material that acts as a matrix of short capillaries through which many liquids wick.
1.2.3 Lab-on-a-Chip Devices and µPADs
The subfield of microfluidics called Lab-on-a-Chip (LOC) is defined as the application of
microfluidic devices to integrate multiple laboratory functions or analytical steps onto a
single portable platform [4].
Figure 4: A pictorial analogy for the idea of “Lab-on-a-Chip” [5].
Compared to conventional laboratory processes which require a large working space,
expensive equipment, skilled operators, and long detection times, LOC devices have
several major advantages. Such advantages include lower cost, smaller sample volumes,
a more rapid throughput time, and more straightforward operation.
Among the various kinds of LOC devices, those that use paper as the device sub-
strate have acquired substantial stature in the last decade of microfluidics studies. These
microfluidic paper-based analytical devices (µPADs) attract particular attention due to
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their very low material cost, ease of fabrication, and their exploitation of capillary-driven
flow eliminating the need for any additional equipment. These advantages over tradi-
tionally plastic-based LOC devices makes them applicable in a wide range of economic
settings. The broad idea of µPADs is to pattern sheets of paper with hydrophobic barri-
ers to create hydrophilic paper channels that house fluid flow. An example of a µPADs
that uses wax-printed hydrophobic barriers is shown in Figure 5(a).
(a) (b)
Figure 5: (a) A simple µPAD made with wax channel barriers [6]. (b) An SEM image
of the random fibrous matrix microstructure of paper. It is the gaps
between these hydrophilic fibers that facilitate capillary-driven flow through
paper substrates [7].
Unlike the capillary-driven flow in larger tubes (such as that shown in Figure 2), the
flow in µPADs has the functional advantage of typically happening horizontally and rarely
needing to oppose gravity. Consequently, the only limitations on how far the liquid can
wet the channels are the volume of the liquid provided, and friction forces. In addition
to this physical advantage, paper also has the benefits of being very easily disposable,
highly accessible around the world, and inexpensive (about $6/m2 even for the most
high-quality chromatography paper [6], so the material for a single µPAD typically costs
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less than a cent).
µPADs do however have one significant disadvantage. This disadvantage is that that
fluid can only flow through them once; wet paper can no longer naturally have the fluid or
its constituents manipulated further. This is despite control of fluid flow in microfluidic
devices having been recognized as pivotal for enhancing their tests’ detection sensitivity
via analyte concentration. This disconnect between the supplied functions and natural
demand of µPADs has resulted in many studies into strategies for concentrating analytes
in solutions that have already been deposited onto µPADs. One such method, first
implemented into µPADs in 2014, is ion concentration polarization (ICP).
1.2.4 Ion Concentration Polarization
ICP is an electrokinetic phenomenon that occurs at the interface of ionic microfluidic
channels and ion-selective nanofluidic channels under an applied electric field [8]. The
process provides the function of actively transporting and concentrating analytes in so-
lution. The fundamental electrokinetic phenomena that contribute to ICP are “elec-
trophoretic flow” and “electroosmotic flow”, and are described below.
Electrophoretic flow (EPF) is the flow of charged species through a substance (typ-
ically a fluid) due to an applied electric field. The primary factor contributing to this
flow is the electrostatic force exerted on the charged particles by the electric field. The
factors that may oppose this flow are frictional forces between adjacent particles, and
the retardation forces caused by the opposing electrophoretic flow of counter ions. A
schematic of EPF is shown in Figure 6.






Figure 6: The setting and contributing forces that result in the electrophoretic flow of
ions or other charged species with (a) positive charge or (b) negative charge.
Electroosmotic flow (EOF) is the flow of a contained liquid solvent - which comprises
charged species - due to an applied electric field [9]. The differences in chemical charac-
teristics between the liquid and its container often cause the interface between the two
unlike substances to acquire a net electric charge. This charge attracts mobile counter-
ions in the liquid which form a layer at the interface called the electrical double layer.
Under an axially applied electric field, the EPF of the double layer is synchronized. This
movement generates enough frictional force on all other ions and particles in microchan-
nels to drive the flow of the entire liquid. This bulk liquid flow is deemed electroosmotic
flow, and is shown in Figure 7.
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Figure 7: A schematic illustrating electroosmotic flow in the cross-section of a
channel. Note that in this case, the liquid-container interface is slightly
negatively charged, causing the double layer to be made of cations, and the
electroosmotic flow to act towards the cathode.
In applications on the sub-millimeter scale, the resultant flow front of electroosmotic flow
is shaped closely to that of plug flow, with slightly larger velocities seen closer to the
double layer [10].
In order to induce ICP, an ion-selective nanoporous membrane must be placed in the
channel in order to create the required micro-nano interface. Figure 8 below shows a
microchannel in which both a nanoporous membrane as well as an example analyte with




Figure 8: A cross-section of a channel primed for the induction of ICP.
Chapter 1. Introduction 13
Once a voltage has been applied across such a channel, ICP will be induced. Under the
applied voltage, ions within the channel will migrate to their respective counter-electrode
via electrophoretic flow. In this particular example, the nanoporous membrane is cation-
selective, meaning that it solely allows the passage of positively charged species. Figure







Figure 9: A cross-section of a channel in which ICP is taking place. A magnified
image of the cation transport through the cation-selective nanoporous
membrane is shown.
Under the applied voltage, anions flow along the channel towards the anode, but those on
the left of the nanoporous membrane are stopped at the junction due to their negative
electric charge. Conversely, cations flow towards the cathode and travel through the
nanoporous membrane due to their positive charge. The absence of cations on the anodic
side of the membrane causes the anions to also vacate the area in order to maintain
electric equilibrium, which forms an ion depletion zone. This depletion zone pushes
anions - and eventually all other charged constituents of the liquid solution - towards
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the anode, collecting them into an analyte concentration line as it propagates across the
channel. Due to the double layer of cations formed by the negative electric charge of the
liquid-container interface, electroosmotic flow of the fluid is also induced, causing bulk
flow of the fluid towards the cathode. Eventually, the analyte concentration line and the
electroosmotic flow front meet to form a band at a middle point of the channel. The
fundamentally stronger force of the depletion zone propagation continues to push this
concentrated band of analytes and ions through the fluid towards the anode, as shown
in Figure 10. By this means, ICP accomplishes both concentration and transportation
of the example analyte.
Figure 10: A cross-section of a channel in the later stages of the ICP process. The
analyte has been successfully concentrated into a congregated band which
propagates on the edge of the deppletion zone towards the anode.
ICP has been implemented into many different kinds of devices and substrates, and has
been used to transport and concentrate many different types of analytes. Although one
edifying analyte that is in strong need of pre-testing concentration, which ICP has not
yet been applied to, is the biomarker for allergies, immunoglobulins.
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1.2.5 Allergies and Immunoglobulins
Immunoglobulins, also known as antibodies, are large biological molecules that play a crit-
ical role in the immune system. They recognize and bind to particular foreign substances
in order to help the body destroy them. The immunoglobulin that is primarily responsi-
ble for doing so to substances that trigger an allergic reaction is called immunoglobulin
E, or IgE. In the context of allergy tests, IgE is the most valuable target, but it is also
the most diffuse in biological samples out of all other immunoglobulins [11].
The most common form of allergy test is the “skin prick”, which is based solely on
the observable presence of an allergic reaction. This test works by depositing a sample
of the antigen in question on the subject’s skin, and then exposing the sample to the
subject’s bloodstream by scratching or puncturing the deposit site. The deposit site is
then observed to see if an allergic reaction to the antigen takes place, as depicted in
Figure 11(a).
(a) (b)
Figure 11: (a) A depiction of the skin prick allergy test [12]. (b) Multiple positive
tests results of the skin prick test on a single subject [13].
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An obvious problem with this method of allergy testing, and one that persists today in
the field of Immunology, is the invasive and often painful nature of allergy tests. Figure
11(b) above shows the result of a multiple-antigen allergy test in which the subject
unfortunately has experienced an allergic reaction to a majority of the tested allergens.
This option of simultaneous tests is often the only choice left for those in need of testing
their reactivity to multiple antigens. All current tests for each potential allergen are time
consuming, expensive, and require the presence of a trained test technician, making them
difficult or impossible to be done separately for many people. There still lacks an easier,
faster, more portable, and less problematic means of testing for allergies.
Microfluidic paper-based analytical devices are a platform that offers to address every
one of these shortcomings. They are fast, low-cost, simple, user-friendly, portable, and
offer the potential of being completely painless as allergy tests. Fundamentally, an allergic
reaction from the subject is not necessary in order to indicate an allergy. Simply testing
immunoglobulins from a human sample would be a salient indicator of particular allergies.
A final diagnostic device could be a small piece of paper applied to the skin which
painlessly extracts interstitial fluid (ISF) from the upper dermis levels of the skin in
order to perform this test.
The problem with designing such an allergy test around this principle is the low-
concentrations of IgE in ISF samples, even in those subjects who have the strongest of
allergic reactions. A process that concentrates immunoglobulins in a µPAD and trans-
ports them to the device’s testing region is needed for the successful function of such a
device. A potential process for this is ICP.
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1.3 Literature Review
Understanding the past and current state of research involving µPADs and what unique
functionalities they currently offer was key in grasping the extent of both their ingenuity
as well as their potential shortcomings. Additionally, ICP is a complicated electrochemi-
cal process, and gaining an understanding of how it has been applied in microfluidics and
in paper-based devices was invaluable for me, as an engineer, in my endeavour to design
and test a similar device. In this section, details will be given regarding (1) different
functionalities available in µPADs, in order to illustrate what has been done to increase
their utility, adaptability, and applicability, and why implementing a process like ICP in
µPADs is necessary to accomplish the goals of this thesis; (2) ICP in microfluidics and
µPADs, to show how ICP has been applied to both traditional plastic-based and paper-
based microfluidic devices; (3) the gap in current research involving ICP and its lack of
being applied to transporting and concentrating large complex biological molecules such
as immunoglobulins.
1.3.1 Functionalities in µPADs
Flow Control
Due to the randomness of paper’s fibrous matrix, capillary-driven flow in µPADs comes at
the cost of limited control over both flow speed and direction, as well as counter-intuitive
relationships between flow and channel geometry [14]. For example, as demonstrated in
an article previously published from our lab, paper channels with larger widths counter-
intuitively experience faster linear flow rates than those of smaller widths when wicking
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fluid from a reservoir [7]. Consequently, if channel geometry is used to manipulate the
flow of fluids in paper, this must be taken into account. One alternative method used to
control flow speed in µPADs is the incorporation of an absorbent-based bypass adjacent
to the cellulose channel to delay flow into certain areas of the device [15]. The bypass
material is chosen to be more hydrophilic than that of the cellulose channel, causing
liquid to flow into it and be momentarily stored as it fills the bypass before continuing
through the channel. Dissolvable sugar barriers have also been used as a means of flow
control [16]. Sugar barriers of varying thicknesses can be leveraged in order to cause
different time delays in separate channels of a µPAD. For example, in Figure 12, the
reagents applied to each channel arm can be placed onto the µPAD simultaneously, but
they arrive at the test zone at different times, in a predetermined order.
Figure 12: The flow delay method involving dissolvable sugars [16].
An aspect of flow control in traditional fluid mechanics is the presence of functional
elements, such as valves. However, it is difficult to integrate valves into µPADs since they
must operate on the microscale, and function without controllers or actuators to maintain
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device simplicity [14]. One of the simplest methods of achieving the equivalent of valves
on µPADs is by cutting two parallel slits in the paper, perpendicular to the channel
flow, as shown in Figure 13(a) [17]. These simple mechanical switches can be turned on
and off by pressing and folding the channel. Valves of higher complexity include those
made by changing materials from hydrophilic to hydrophobic and visa-versa due to their
responses to controlled external factors, such as electric potential and/or UV radiation
[18]. Another automated valve design that does not include external components is one
made from an expandable cellulose sponge actuator, as seen in Figure 13(b) [19].
(a) (b)
Figure 13: (a) A cantilever switch valve incorporated into a µPAD [17]. (b) A valve
switch built by an expandable actuator [19].
Since the aim of this thesis involves manipulating the flow of fluids and its constituents
deposited on paper, studying the implemented strategies of flow control in paper devices
was key. However, the most common methods of flow control involve manipulation of the
flow while it is wetting the paper substrate. Such physical strategies cannot accomplish
the desired function of controlling the fluid flow post-wetting, highlighting the need for
a more involved method such as ICP.
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3-Dimensional Flow
An interesting ingenuity in µPAD technology is the development of 3-dimensional devices.
3D devices rose from the need for µPADs to (1) retain relevance in applications that
consisted of multistep orderly chemical reactions and the numerous preprocessing steps
[20], as well as (2) improve the speed and efficiency of their analysis [21]. 3D µPADs offer
several advantages over traditional µPADs that stem from them having multiple paper
layers. Each layer is able to perform different functions, fluid paths can cross without
mixing, and they can be manufactured by combining two or more 2D µPADs, eliminating
the need to develop entirely new fabrication techniques [22]. Recently, two substantial
methods of 3D µPADs fabrication have been reported: stacking and origami [21].
Stacking involves alternating layers of µPADs and an adhesive, typically double-sided
tape; the tape is filled with holes, and the holes are filled with cellulose powder. Two
pieces of the patterned paper are separated by the hole-filled double-sided tape, with
the holes filled with cellulose powder in order to link predetermined regions of the paper
together [23]. Stacking is advantageous due to its rapid execution and suitability for
mass production. This method’s adaptability is also notable, due to other means of
adhesion having the potential for substituting the tape used in this case. For example, a
group from the Chinese Academy of Science published a paper in which they replaced the
adhesive with staples, reporting with reasonable success [24]. An example of a stacked
3D µPAD is shown in Figure 14(a).
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(a) (b)
Figure 14: (a) The “stacking” method of 3D µPAD manufacture [23]. (b) The
“origami” method of 3D µPAD manufacture [25].
Another popular method of manufacturing 3D µPADs is by origami. As shown by
the example in Figure 14(b), instead of multiple stacked layers, origami 3D µPADs need
only one layer on which to fabricate the device’s functional elements. The elements in
the depicted example include channels, detection chambers, and electrodes. This layer
is then folded to enable electrodes to be in contact with the solution in the chamber so
that the reaction products can be electrochemically detected after a sample has flowed
through specific reagents coated on microbeads [25]. An origami device not only has
fewer fabrication steps but can be unfolded after use to reveal all the layers for analysis.
Since the aim of this thesis is to create a µPAD housing a complex function, it
was useful to study the lengths to which these devices have been stretched to achieve
complicated tasks. While not directly related to the fabrication techniques required in
this thesis, 3D µPADs are an example of the many applications which illustrate the
innovative potential of paper-based microfluidics. A well rounded appreciation for, and
understanding of, this potential through these and many other examples in literature is
invaluable for a designer working in the field.
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Testing
Verifying the functionality of µPADs for their specific application is often done by meth-
ods that visualize test readout signals. The simplest of these methods, and one of the
most common due to its simplicity, involve a colour-readout mechanism. These tests
visually indicate the presence of a desired product and/or reaction in the channel by
changing or producing a colour [4]. This mechanism can be as straight forward as those
found in titration experiments or simply the presence of a chromogenic pH reagent [26].
A modern example of a colorimetric readout mechanism is the system developed at Xia-
men University in China, as illustrated in Figure 15. This kind of colorimetric indicator
employs the use of a cross-linked hydrogel to clog an auxiliary channel so that a red
food dye solution is kept from flowing into the signal zone. In the presence of the target
product, however, an aptamer binds to the target molecules, causing the gel to dissolve
and allow the dye solution to flow to the signal zone, giving the user the visual indicator
of a positive result [27]. Another well-known example of this kind of assessment is the
Rapid Urease Test for diagnosis of Helicobacter pylori. In these tests, the presence of
ammonia causes the indicator phenol red to change colour due to the rise in pH [28].
Chapter 1. Introduction 23
Figure 15: A binary colorimetric signal controlled by a gel-sol transition [27].
Recently, worldwide distribution of smartphones and camera phones has significantly
decreased the cost of sensor development, since phones may act as a colour detector
and source of data transmission. A notable example of this kind of implementation was
shown by a group from the University of Granada. They used a custom smartphone
application to photograph a µPAD, and then a software algorithm to correlate hue-
saturation-brightness indices with solution pH and nitrite concentration [29]. A schematic
of their process is shown in Figure 16.
Figure 16: An example of the use of smartphones to conduct intensity-based
measurements [29].
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It is important to note that among the many biological applications of µPADs - with
their innovations in fabrication, actuation, design, and testing - particularly in the vast
field of diagnostics, surprisingly few have been developed as a tool in Immunology.
Immunological Applications
In the context of this thesis, it is of critical importance to look at the uses of immunoglob-
ulins as the analyte in paper devices. The most prominent application of µPADs in Im-
munology is the point-of-care paper-based test, the Lateral Flow Immunoassay (LFIA).
The purpose of LFIAs is to determine whether or not a volume of sample fluid contains
a particular target antibody. The most popular example of an LFIA is the at-home






(Nitrocellulose Paper) Test Line
Backing
Figure 17: The typical configuration of a lateral flow immunoassay (LFIA) [11].
When an LFIA test is run, the sample fluid volume is deposited on the sample pad. The
sample migrates through this region to the conjugate pad, where a conjugate tracer has
been immobilized. Conjugate tracers are typically secondary antibodies that readily bind
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to the target antibody, and are tagged with a detectable substance (such as colloidal
gold, a colored or fluorescent tag, or paramagnetic monodisperse latex particles [30]).
Target antibodies in the sample bind with the specially designed conjugate tracers as the
collective fluid migrates through the conjugate pad into the reaction matrix [11]. The
reaction matrix is a porous membrane - usually nitrocellulose paper - onto which two
other specific biological components of the LFIA have been immobilized in two capture
lines, called the test line and the control line, respectively. The test line contains another
secondary antibody with specific binding ability to the target antibody, and has been
immobilized in place. The control line contains an antibody with specific binding ability
to the conjugate tracer, and has also been immobilized in place. As such, the capture lines
are specifically designed to contain substances that will bind to, and “capture”, the target
antibody and any unbound conjugate tracer, respectively, as they migrate by. After this,
excess sample fluid moves past the capture lines and is entrapped in the absorbent pad
[11]. Results of the test are interpreted by the presence or absence of visible capture lines
on the reaction matrix. Figure 18(a) depicts the function of a LFIA testing a sample
fluid which contains the target antibody being tested for, which would result in a positive
readout. Note that the negative readout shown in Figure 18(b) would be the result of an
LFIA that did not contain the target antibody, while the invalid readout would be the
result of an LFIA that achieved insufficient fluid flow and/or mobilization of conjugate
tracer.












Invalid  Test Result:
(b)
Figure 18: (a) A schematic depicting the functionality of a LFIA. (b) The visual
readouts of positive, negative, and invalid LFIA test results.
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It is important to note that, before the LFIA test is performed, the nitrocellulose
paper is prepared by being soaked in solutions of protein and surfactant, sequentially.
The first protein-soaking step is called the “blocking” step, during which proteins in
the solution bind to sites in the paper’s fibrous matrix. These sites being preemptively
occupied by proteins helps to prevent the binding of target antibodies and conjugate
tracers directly to the fibrous paper in areas other than the capture lines when the LFIA
is run. The surfactant-soaking step is called the “washing” step and helps to remove any
excess proteins on the surface of the nitrocellulose which are not bounded into its fibrous
matrix [11, 31].
A critical issue with LFIAs is that they require a certain minimum concentration of
target antibody to be present in the sample fluid in order for a test line to be conclusively
detected. This problem of low immunoglobulin concentration is also present in the appli-
cation of paper-based allergy tests. In order to function, these applications are in need of
a method to transport and concentrate their analytes after the sample fluids have been
deposited. The design of µPADs has grown more sophisticated over the years, but there
have only been a handful of ways to achieve precise analyte control and post-wetting
concentration. A notable means proven to achieve this functionality is ion concentration
polarization.
1.3.2 ICP in Microfluidics and µPADs
Earlier applications of the ICP phenomenon in the field of microfluidics saw its imple-
mentation into traditional microchips made from micro-machining different plastics. The
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process for fabricating and operating these devices was often complicated and required
expensive laboratory equipment. However, a number of these studies still maintain rele-
vance in applying ICP into µPADs since they explored many of the fundamental charac-
teristics of achieving ICP in practice. The implementation of ICP into paper then vastly
simplified these devices and their fabrication, allowing the phenomenon to branch out to
enhance many point-of-care µPADs.
ICP in Microfluidics
The use of ICP for analyte-concentrating applications in traditional microchips has
evolved substantially since the turn of the century. For example, there have been many
design improvements developing ICP’s ability to pre-concentrate small sample sizes in
short time frames. Enrichment of up to one million fold was reported as early as 2005
[32], but experiment run-times on the order of 20-40 minutes remained the norm for 5
years after this [31]. Making ICP verifiable in less than 10 minutes was first achieved
in 2010 [33], although this has yet to been dramatically improved upon in further stud-
ies [31]. ICP applications have also proven to be considerably robust and adaptable.
Successful microfluidic devices have been made from several different substrates, such as
silicon wafers [32], charged hydrogel [34], glass [35], and polydimethylsiloxane (PDMS)
on many occasions [36, 31]. They have exhibited the ability to be integrated in other
Lab-on-a-Chip devices as well, including those involving droplet microfluidics [37], sen-
sors [38], water desalination [39], or the need to be applied on a continuous flow of sample
[40].
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(a) (b)
Figure 19: (a) The layout and schematic diagram of an example ICP device. The ET
specifies the electrical field applied across the ion depletion region, while
En specifies the cross-nanoporous-membrane electrical field [32]. (b) An
optical image and schematic diagram of another example ICP device. The
middle red microchannel is filled with analyte mixture and the green side
channel is filled with buffer solution. To achieve analyte concentration, a
potential difference is applied across the middle and side channel [41]
Several important characteristics of ICP devices have been documented regarding
their preparation and experimental setup. It was noted early on that thinner nanoporous
membranes were almost always desirable, as they required lower ionic concentrations of
the running buffer in order to achieve successful analyte preconcentration [32]. Blocking
and washing device substrates proved to be a nearly unanimously necessary step in order
to avoid the binding of biological samples to the substrate channel walls [41, 40, 31].
However, degradation of the nanoporous membranes has been observed after prolonged
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blocking and washing steps, showing that the time spent blocking and washing must be
carefully set in order to balance preventing analyte-substrate binding with the sustain-
ability of this membrane [41]. A study of particular note and relevance was performed at
the University of Victoria in 2011 [42]. The device chip was fabricated in PDMS using
established soft-lithography techniques, but needed to be washed in isopropyl alcohol,
treated in a plasma cleaner to ensure a hydrophilic surface condition, then blocked in a
solution of bovin serum albumin (BSA). Creation of the nanoporous membrane required
plasma cleaning a PDMS-coated glass slide and then spinning deposited Nafion 117 so-
lution on the slide before being left to dry. Nafion 117 is a liquid that, when dried, forms
a nanoporous membrane [43]. The final microfluidic device is shown below in Figure 20.
(a) (b)
Figure 20: (a) A schematic of the microfluidic concentration device. The central
radial chamber concentrates the analyte and feeds it into the vertical
injection channel. (b) A magnified cross-section of the radial chamber
where concentration takes place. [42]
Applying the ICP effect in a radial geometry instead of the traditional axial methods
provided distinct benefits, including (1) exhibiting non-linear field effects that helped
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confine the sample to a small central region, and (2) increasing the interfacial area and
ionic currents as a result. Using this device, fluorescein isothiocyanate labelled BSA
(FITC-BSA) was concentrated 168-fold in 36 seconds, although this process required an
applied voltage of 200 V. The group also developed a numerical method to model the
concentration profiles of analytes within the device. However, the model indicated that
over 1800-fold analyte concentration increases were meant to be possible within the first
10 seconds of voltage application. This strongly indicates that there are still factors
not being considered in the mathematical modeling of ICP, with more nuances of the
electrokinetic process yet to be properly identified and/or quantified. In general, this
study served as an example that (1) changing ICP device geometry can increase the
concentration factor of analytes, but can come at the cost of requiring higher applied
voltages, and (2) the ability to accurately model ICP is still in its early stages, with
mathematical predictions for more complicated analytes - such as those of biological
nature - not yet being reliable.
As many ICP microchips were observed to be structurally complicated, simplifications
to the devices’ design grew more important. A joint study between the Pohang Univer-
sity of Science and Technology in Korea and the Massachusetts Institute of Technology
introduced a key simplification to the design of ICP devices [44]. Compared with the
concentration devices previously developed - such as those seen in Figure 19 and 20 - the
anode channel and cathode channel in this device’s scheme were both integrated into a
single straight microchannel with one inlet and one outlet. This device’s layout can be
seen below in Figure 21.
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(a)
(b)
Figure 21: (a) A schematic diagram of the proposed ICP concentrator. (b) The
optical micrograph of the PDMS microchannel including the Nafion
membrane [44].
Using an applied voltage of 40 V for 20-30 minutes to achieve appreciable results, a
significant part of this group’s work was the study of the anlyte concentration line, its
propagation patterns, and the major factors that contributed to it. They found that the
quality of the concentration line (indicated by its relative brightness and thinness) was
heavily dependent on the ion concentration of the running buffer, as well as what kind
of buffer was used. They also showed that the stability of the concentration line (indi-
cated by the regularity of its shape) was dependent most heavily on the thickness of the
nanoporous membrane (made from Nafion 117 in this study). It was hypothesized that
the thickness of the Nafion dictated its electrical conductivity, and that the conductivity
of the nanoporous membrane, relative to that of the bulk fluid, had a significant effect
on the ICP process. Interestingly, when investigating this relationship, this group found
that thicker Nafion membranes increased the effectiveness of ICP concentration, directly
contradicting findings of a previous study [32]. The discovery of this discrepancy suggests
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that the causal relationships between factors of the ICP process are more complicated
than what has been so far suggested in literature, and that the development of future
ICP devices should not take such suggestions for granted.
While precise models of the inner workings of ICP have yet to be conclusively made,
processes used to implement ICP in microfluidic devices have grown increasingly more
sophisticated and effective. However, such polymer-based devices still lack the simplicity
and low cost needed to be globally applicable. In an effort to drastically simplify the
application of ICP in microfluidics, implementing them into paper-based devices has been
introduced.
ICP in µPADs
The first application of ICP to transport and concentrate analytes in a µPAD was demon-
strated in 2014 in a joint study between the University of Toronto and the University
of Ontario Institute of Technology [45]. The devices were fabricated by wax printing
channel boundaries onto Whatman No. 1 Chromatography paper, and the nanoporous
membranes were made by depositing Nafion 117 solution directly into the paper. Fluo-
rescent tracers were concentrated up to 40-fold and the limit of detection for FITC-BSA
was improved by 5-fold. A schematic of the µPADs used is shown in Figure 22 below.
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(a) (b)
Figure 22: (a) Schematic of the device and its operation for ICP focusing (upper) and
directional transport (lower) of analytes in paper. (b) Details of ICP
phenomenon in paper device under the applied voltage. [45]
This study was distinct from the rapidly growing paper-based microfluidics literature at
the time in that it offered unprecedented analyte control, independent of wetting history
and capillary forces. The group also noted a large stepping stone for future applications
of ICP in paper, in that the patterned nanoporous membranes not only create the micro-
nano interface necessary for ICP to be induced, but also act as hydrophobic barriers to
define fluid reservoirs and channels.
The impacts of channel geometry in ICP-inducing µPADs have also been explored.
A study conducted in 2015 investigated the influence of µPADs’ channel geometry on
analyte concentration, comparing an array of convergent channels with different lengths
and widths [46]. This group confirmed the previous paper’s suggestion that the use of
convergent channels could favour the congregation of analytes (deemed the confinement
effect), but also showed that much narrower channels carried less current, and resultantly
had less net ion movement and lower analyte enrichment via ICP (deemed the current
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effect). Their study revealed the critical presence of the trade-off between these two
counter-effects in the design of ICP-inducing µPADs.
It has been suggested that inducing ICP in µPADs can not only concentrate analytes
in solution, but separate them from one another as well. In another 2015 study, both
concentration and separation of DNA-based targets were performed on ICP µPADs fab-
ricated by wax-printing and Nafion 117 deposition onto nitrocellulose paper [47]. This
work indicates that analytes with varying characteristics can exhibit different behaviours
under ICP. However, despite showcasing the capability to simultaneously concentrate
and separate DNA targets of two different molecular weights, this study yielded low sep-
aration resolution values between the different analytes (0.5-0.7) [47]. So while there is
potential for ICP to achieve separation of analytes in conjunction with their transport
and concentration, further study is needed in order to do so conclusively and reliably; it
is not a characteristic that can be assumed to work for all analyte applications.
In the years following these studies, improvements to ICP-inducing µPADs were reg-
ularly made, and new considerations in their fabrication and operation have been discov-
ered. Nafion-patterned tape has been implemented as the acting nanoporous membrane
in conjunction with an absorption pad [48]. The ingenuitive absorption pad facilitated
continuous lateral fluid flow, while the flexible Nafion-pattered tape allowed the repli-
cation of the ICP process into a multiplexed paper channel, a polyester string, and a
reversibly-bonded polymer channel. A study conducted in 2016 demonstrated that (1)
simple lamination methods could successfully fabricate ICP µPADs, (2) devices can use
smartphone-based detection methods of fluorescent analytes in real time, and (3) excess
heating to a Nafion can deteriorate the membrane and hence significantly decrease the
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ICP efficiency [49]. This last point is especially crucial for µPADs fabricated by wax-
printing, as the wax must be heated to melt through the thickness of the paper to create
functional channel boundaries. Most recently, an ICP µPAD was used for detecting and
concentrating total protein from urine samples using smartphone detection [50]. This
study confirmed the functionality of repeatedly loading samples into the depletion zone
manually for continuous stacking of concentrated analytes, and showed that their test
conclusions were consistent with those from the clinical method of total protein detection
in urine. Together, the findings in these studies exposed many nuances in the process
of applying ICP in practice, and provided a foundation on which to create the design,
fabrication, and testing methods of the ICP-inducing µPADs used in this thesis.
1.3.3 A Gap in the Research
ICP being integrated into microfluidic devices and used to concentrate diffuse analytes
is not a new concept, having existed since 2005 [32]. In addition, µPADs have garnered
significant attention as platforms for inexpensive, low-volume, portable bioassays [14].
With these two concepts being brought together in 2014 [45], ICP-utilizing µPADs have
been subsequently expanded and improved upon, growing to be used in many biological
and diagnostic devices. Despite all of this, a still unexplored application of such devices
is the transport and concentration of immunoglobulins, which could be leveraged to help
create paper-based allergy tests. The lack of this important application in literature begs
the question of whether it is even possible; or if such larger, more complicated biological
analytes can be used in such devices.
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1.4 Thesis objectives
The objective of this thesis is to confirm the plausibility of ICP-inducing µPADs being
used to successfully transport and concentrate immunoglobulins. This objective can be
addressed by following the steps listed:
1. Design and fabricate µPADs for the ICP process.
2. Successfully replicate and measure ICP in paper. Improve on the designs of previous
µPADs, and note any potential shortcomings in their application to concentrating
complex biological targets.





In order to create µPADs to house and test the ICP process, hydrophilic paper sheets
were cut into the device shapes using a 30 W laser cutter (Speedy 100, Trotec). The
device shapes were designed using “Inkscape software”, and translated to the laser cutter
using “JobControl-Trotec software”, a program which comes with the laser unit. The
paper sheets were first placed on top of a layer of aluminum foil and secured to the bed
of the laser cutter using magnets. The height of the laser bed was then adjusted to place
the paper surface at the focal point of the laser beam. The beam cut through the paper
material following the pattern of the µPAD, but left the foil layer intact since a laser
of such power cannot penetrate the metal layer. The absence of paper around the cut
design acted as the hydrophobic barrier of the µPAD channels, where the fluid cannot
flow. Figure 23(a) below shows the shape of the µPAD design.
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Figure 23: (a) The µPAD shape design for ICP. (b) Fluidic regions were defined by
the Nafion nanoporous membranes and laser-cut edges of the paper.
The nanoporous membrane was patterned directly into the µPADs by depositing ∼1.2
µL of Nafion 117 solution 5% in a mixture of lower aliphatic alcohols (Millipore Sigma,
Canada) onto each device, and then allowing it to dry. The morphology and chemical
characteristics of Nafion membranes have been thoroughly documented in literature,
detailing how they have a slight negative charge and a mean pore diameter ∼4 nm,
which is well suited for inducing ICP [43]. The Nafion was deposited manually via a
micro-pipette in the desired patterns on both the top and bottom surfaces of the device
to ensure thorough penetration of the membrane through the thickness of the paper. It
was essential to use a high-accuracy low-volume micro-pipette to perform this deposition
in order create thin enough membranes on the small paper device; the micro-pipette used
had a maximum volume of 2 µL. The patterned nanoporous membranes serve to (1) act
as hydrophobic barriers - much like the laser-cut paper edges - to define fluidic reservoirs
and channels, and (2) create the micro/nano interface necessary for ICP.
Chapter 2. Experimental Procedures 40
It is important to note here that the design of the µPAD channel where ICP takes
place was chosen to include two nanoporous membranes - with a second membrane added
to the right-hand side of the center analyte channel - as can be seen in Figure 23. This
second membrane serves three purposes when the voltage has been applied and ICP is
induced:
1. The influx of cations through the second nanoporous membrane into the center
analyte channel assists the concentration process. This enrichment of cations raises
the strength of the electroosmotic flow countering the electrophoretic flow to further
“squeeze” the analytes, as seen in Figure 24(b). It also attracts the anions of the
concentration line with greater strength towards the anode.
2. The second nanoporous membrane provides a barrier to prevent the analyte concen-
tration line from flowing through to the reservoir and being subject to the diffusion
forces of the larger fluid volume there. This provides a specific, consistent place
for the analyte concentration line to congregate and be observed, as seen in Figure
24(c).
3. A function previously demonstrated in ICP µPADs is the ability to reverse analyte
transport direction by reversing the polarity of the analyte channel [45]. This
second nanoporous membrane facilitates both the formation of another depletion
zone on the right-hand side of the channel as well as its propagation in the opposite
direction after the reversal of the electrode polarities. Repeating this documented
functionality in preliminary tests was chosen as a useful stepping stone in confirming
the general efficacy of the newly developed ICP µPADs.







Figure 24: (a) Voltage application and ICP induction in the µPAD. (b) A cross-
section of the µPAD illustrating ICP under the applied voltage. Analytes
are squeezed between the depletion zone propagating towards the anode
and the bulk electroosmotic flow towards the cathode. (c) All analytes and
ions are eventually overcome by the propagating depletion zone and
congregate on the cathodic side of the second nanoporous membrane
The fabricated µPADs were next placed in petri dishes, which were wrapped in foil
and stored in a sealed foam container (which also held an open flask filled with water).
The foil wrapping ensured that no effects of overexposure to either light or air were felt
by the paper material while stored for later use. The open flask of water was included
in the foam container to keep its internal humidity high and reduce the static nature of
the paper devices. The µPADs were left as such for a minimum of 4 hours for the Nafion
solution to properly dry and form the nanoporous membranes.
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2.2 Device Operation - Dye and Fluorescein Tests
To test the operation of ICP in the fabricated µPADs, easily detectable products were
chosen as preliminary analytes. Allura Red AC dye (referred to as “dye” henceforth) was
chosen as a chromatic analyte to observe by eye, and fluorescein was chosen to test the
device’s functionality under fluorescent microscopy (Millipore Sigma, Canada). Early on,
it was found that different paper substrates facilitate the ICP process more effectively
for different analytes. Nitrocellulose membrane, a commonly used paper substrate in
commercial assays, was determined to enable the best ICP results for the dye. Chro-
matography paper, a less expensive and common alternative to nitrocellulose membrane,
was determined to enable the best results for the fluorescein. Hence, 0.45 µm Nitro-
cellulose Blotting Membrane (GE Healthcare, Canada) and 0.18 mm thick Whatman
No. 1 Chromatography Paper (Millipore Sigma) were purchased as device substrates for
the dye and the fluorescein, respectively. The first step in operating the µPADs was to
secure the reservoir regions between two pieces of Parafilm, a hydrophobic laboratory
film (Bemis, USA). These Parafilm covers were designed and laser-cut using a proce-
dure identical to that of the µPADs. They were implemented to increase the devices’
robustness throughout the testing process. Next, the µPADs’ two reservoirs were each
soaked with 35 µL of buffer solution, deposited via micro-pipette through 3 mm diame-
ter holes that were pre-designed into the top Parafilm cover, seen in Figure 25(a) below.
Buffer solutions were made by diluting 10x TAE buffer (400 mM Tris-acetate and 10 mM
EDTA) in deionized water (DI water) (Millipore Sigma, Canada). The devices were then
impaled on sharpened copper wires through the center of both reservoir regions. These
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wires acted at the electrodes for the voltage application to induce the ICP process. 1
mm diameter holes designed into the bottom Parafilm covers, also shown in Figure 25(a),
acted as place-holders for easy alignment of the µPADs on the wires. The top Parafilm
covers lacked this smaller wire hole in order to optimize the paper’s contact with the
wire electrodes as they pierced through the layers, as can be seen in Figure 25(b). After
this, analytes were added to the center analyte channel and a voltage of 50V across the
reservoirs was applied via the copper electrodes to induce ICP.
(a) (b)
`
2x    1 mm
2x    3 mm
Figure 25: (a) The top and bottom laser-cut Parafilm covers, respectively. The 3 mm
diameter holes in the top cover were used to deposit buffer solution into
the reservoirs. The 1 mm diameter holes on the bottom cover were to help
align the electrode wires with the center of the circular reservoir shape.
Pressed together, the two covers helped to secure the µPAD during
operation. (b) The improvement of contact between the paper substrate
and the wire electrodes due to the Parafilm covers.
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2.3 Device Operation - Immunoglobulin Tests
The preparation and operation of the µPADs for testing ICP with immunoglobulin an-
alytes was identical to that of the dye and fluorescein, save for one preliminary step. It
was experimentally confirmed that immunoglobulins have low mobility in the untreated
paper substrates (both nitrocellulose and chromatography paper). This created the need
to block and wash the surface of the µPADs, much like the standard procedures of the
LFIAs mentioned near the end of section 1.3.1 of the Literature Review. After being
stored for the minimum of 4 hours to dry the Nafion nanoporous membranes, the µPADs
were soaked for 15 minutes in a blocking solution made with 5% (w/v) powdered skimmed
milk in 1.0x TAE buffer. Adequate stirring of the solution containing the µPADs was
achieved using a lab rocker platform (Bellco Biotechnology, NJ, USA) set at maximum
speed to ensure the occupation of as many potential protein-binding sites as possible in
the paper’s fibrous matrix. While on the platform, the devices in solution were closed in
a sealable plastic container which was then covered with foil. This was to again ensure
that the µPADs were not overexposed to the open air or ambient light. The blocked
devices were left to dry for 15 minutes before being washed for 10 minutes in a solution
made with 0.05% (v/v) Tween-20 (Millipore Sigma, Canada) in 0.25x TAE buffer using
the same rocker platform and procedure. This was done to remove any proteins leftover
on the paper surface which did not bind to its fibrous structure. The blocked and washed
µPADs were dried in a Heratherm Incubator (Thermo Fisher Scientific, MA, USA) for
2 hours at 30◦C, and were then ready for the same preparation/operation procedure as
described in section 2.2.
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2.4 Experimental Apparatus
To observe the effectiveness of the ICP processes conducted, an OMAX EPI-Fluorescence
Trinocular Biological Microscope fitted with a 10 MP digital camera (MicroscopeNet,
Canada) was used. For all experimental runs, a 4x magnification objective was used on
the microscope, and a 0.37x reduction lens on the digital camera. This was in order to
obtain a maximized field of view of ∼3mm x 2.8 mm. All images were captured through
the digital camera in Toupview, processed in ImageJ, and quantified using Excel. The
collective experimental apparatus is presented in Figure 26 below, showing the fluores-
cence power supply, microscope, voltage power supply, and open Toupview software.
Figure 26: Experimental setup of the ICP test apparatus.
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The paper devices were placed on a 3D-printed wire holder that was designed to fit
on the microscope stage, as seen more clearly in Figure 27 below. This holder also had
built-in channels to hold and guide the copper wires connecting the µPADs to the DC
power supply in order to maximize stability and minimize clutter of the setup. The power
supply used to apply the voltage across the wire electrodes was a Letour Variable DC
Power Supply 60V 5A (Letour LED Market, Canada, Amazon.ca). For the tests involving
the fluorescein or immunoglobulins, a removable 3D-printed cover was designed for the
microscope stage to minimize light noise in the captured images. Blackout rubberized




Figure 27: (a) The 3D-printed wire holder designed for the device. (b) Placement of
the device and wire holder on the microscope stage.
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2.5 Data Acquisition and Quantification
The images captured during experiments were processed in ImageJ in order to quantify
the transport and concentration of anlaytes across the µPADs’ center analyte channel.
For all experimental runs, the microscope-mounted digital camera was programmed to
take timed photos of the analyte channel, as depicted in Figure 28 below. Images were
background subtracted using a blank wetted µPAD under test lighting conditions to
eliminate any background signal from the device itself, and subsequently converted to
greyscale. The mean grey value for every pixel position across the x-direction averaged






where ymax represents the number of pixels in the y-direction, which was 2798 for all
photos. These values of average intensity at x can be correlated to the concentration
of the anlayte across the channel length. Since this data contained 3583 points (the
number of pixels across the length of the channel), it was subsequently filtered through
an averaging algorithm in order to produce a data set of 55 points representing signal
intensity vs. distance. This data was then plotted in Excel to yield the graphs shown
and discussed in Chapter 3. The primary metrics used to quantify the transport and
concentration of analytes in experiments was average transport speed and concentration
factor. The average transport speed was calculated by dividing the greatest distance
travelled by the analyte to the final peak intensity point by the time it took to do so.
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The concentration factor was calculated by dividing the peak intensity achieved after the
concentration process by the peak intensity of image before ICP was induced.
y
x
Figure 28: The area captured by the camera for each image to be processed, and a
simplified grid depicting the pixels that were measured for intensity.
Chapter 3
Results and Discussion
In this section, the results of experimental ICP tests on the designed µPADs are pre-
sented and discussed. The first analyte used was Allura Red AC dye. This dye was
chosen because it is (1) a chemically simple analyte that is observable by eye, and (2)
negatively charged [51], and as such expected to behave similarly to the example analyte
depicted in section 1.2.4. These qualities made the dye ideal for initial verification of
the transport and concentration of analytes via ICP. The dye was subsequently used to
replicate two previously reported functions in ICP. The first of these functions was the
reversal of analyte transport direction across the channel [45], with the second being
the influence of convergent channel geometry to increase analyte focusing [46]. Large
biological molecules, such as immunoglobulins, are most typically visualized in practice
by being bound with a fluorescent compound tag. Before applying the developed ICP
µPADs to such tagged immunoglobulins to accomplish the final objective of this thesis,
the functionality of the devices was first tested on a fluorescent tag independent of the
tagged molecule. This was done to test the ability to observe the ICP process on a sim-
49
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ple analyte under fluorescent microscopy, and to note any shortcomings from not using
a directly visual readout. A widely used fluorescent tag is fluorescein, which was pur-
chased and tested. To accomplish the final and main objective of this thesis, fluorescently
tagged immunoglobulins were subsequently sought for testing. As detailed in section 3.3,
the immunoglobulin responsible for binding to invading allergens is IgE, making it the




Figure 29: A depiction and comparison of the rough molecular structures of the five
classes of immunoglobulins [52]
However, after contacting eleven different biological and chemical suppliers, it was found
that human IgE that was directly tagged with either a colorimetric or fluorescent tag was
either not available, or was a rare product that would take a specialized chemical process
to produce. Fluorescently tagged samples of animal immunoglobulin G (IgG), however,
are readily available with direct fluorescent tags, while also being relatively inexpensive.
In addition to this, IgG is the immunoglobulin with the most closely related molecular
structure to that of IgE. As such, IgG was chosen as a substitute to test whether transport
and concentration of immunoglobulins using ICP in paper was possible.
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3.1 Dye
3.1.1 Transport and Concentration
An example of the experimental results for the dye in the standard ICP µPAD is shown
in Figure 30 below. For the applied voltage of 50 V, a 0.6 µL sample of 0.5 mg/mL
dye is transported and concentrated across the ∼3 mm x 2.5 mm analyte channel of the
µPAD in 1.7 min. The center 2.5 mm of the ∼3 mm channel length was the section of



























Figure 30: (a) Transport and concentration of the dye from the cathode (negative
electrode denoted by red line) towards the anode (positive electrode
denoted by the light blue line) (b) Original photos taken of the µPAD
analyte channel at each time interval processed, included for reference.
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The key visual indicators that ICP has been successfully and effectively induced can
be seen in Figure 30 above. Presence of the depletion zone - indicated by the region of
the analyte channel on the left-hand side which the dye has vacated - was detected as
early as 3 seconds after voltage application. The edge of this propagating depletion zone
can seen by the presence of the local maxima of intensity at ∼1.6 mm on the curve at
56 seconds. This maxima represents the analyte concentration line. As described and
predicted in section 1.2.4, the propagation of the depletion zone eventually overcame the
bulk electroosmotic flow to result in the cumulative concentration of dye shown at 100
sec. The sample of dye was concentrated at a rate of 1.3 mm/min, and a concentration
factor of 5.2 was achieved, calculated by dividing the final and initial peak intensities.
From experimental runs such as the one detailed above, the functionality of ICP in paper
was successfully confirmed. Replicating established analyte manipulation via ICP was
subsequently conducted by reversing the direction of analyte transport.
3.1.2 Adjustable Transport
To test the extent to which the µPADs could facilitate adjustable active transport of
analytes using ICP, subsequent transport cycles were conducted on the devices. Ensuing
cycles after the initial transport and concentration were achieved by switching the polarity
of the electrodes, thereby switching the onset of the ion depletion zones and the direction
of analyte movement. Figures 31 and 32 below show the subsequent transportation of
the pre-concentrated sample from Figure 30 when placed under two successive cycles of
polarity shifting, respectively. Note that the initial state of each Figure uses the data
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from the previous Figure’s final state. This was achieved accurately since switching the
polarity of the electrodes only required switching of the cables in the power source (a



























Figure 31: (a) By switching the electrode polarities, the concentrated band of dye was
transported to the opposite side of the channel, with slightly reduced
efficiency. (b) Original photos taken of the µPAD analyte channel at each
time interval processed, included for reference.
The dye transport resulting from the first polarity switch can be seen above in Figure
31, with final peak intensity achieved in 140 sec with relatively little loss of effectiveness.
Notably, the ion depletion zone that now formed on the right-hand side was not enough
to push the dye the entire distance across the channel. It is seen that the dye was initially
concentrating at around the 0.8 mm mark after 70 sec, after which the peak concentration
Chapter 3. Results and Discussion 54



























Figure 32: (a) By switching the polarity of the electrodes once more, the analytes
were again concentrated towards the right-hand side of the channel, but
with further reduced efficiency. (b) Original photos taken of the µPAD
analyte channel at each time interval processed, included for reference.
The dye transport resulting from the second polarity switch can be seen in Figure
32 above, and was achieved in 112 seconds. The depletion zone was seen to propagate
0.7 mm across the channel. Therefore, the ability to actively reverse the direction of the
analyte transport was successfully replicated. This was accomplished by reversing the
polarity of the electrodes used to induce ICP.
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3.1.3 Convergent Channel
Subsequent experiments were conducted to reproduce the positive focusing effects previ-
ously reported of convergent analyte channels on ICP’s ability to concentrate analytes.
Figure 33 below shows the µPAD design whose laser-cut boundaries were angled to pro-
duce such a channel.
`
2.8 mm 2 mm
3 mm
Figure 33: µPAD shape design for testing the effect of device geometry on analyte
transport and concentration.
With the microscope’s maximum field of view being a 3 mm x 2.8 mm area, the device
design was limited to having a maximum channel width of 2.8 mm. The minimum channel
width possible was 2 mm, due to a combination of the laser cutter producing inconsistent
dimensions at that scale, as well as widths smaller than this producing devices too difficult
to handle due to the brittle nature of nitrocellulose. A slightly curved Nafion membrane
on the left-hand side of the channel was also incorporated to aid the focusing effects of
the ICP.
An example of the experimental results for the new µPAD is shown in Figure 34
below. For the applied voltage of 50 V, a similar 0.6 µL sample of 0.5 mg/mL dye is
transported and concentrated across the angled analyte channel of the µPAD in 1.2 min.


























Figure 34: (a) Transport and concentration of the dye using the angled analyte
channel geometry. (b) Original photos taken of µPAD analyte channel at
each time interval processed, included for reference.
They visual indicators that ICP has been successfully induced can be seen in Figure 34
above. Presence of the depletion zone was again detected as early as 3 seconds after
voltage application. The edge of this propagating depletion zone can be seen at ∼1.3
mm on the curve at 40 seconds. As with the previous geometry, the propagation of
the depletion zone eventually overcame the bulk electroosmotic flow to result in the
cumulative concentration of dye shown at 72 sec. The sample of dye was concentrated at
a rate of 2.0 mm/min, and a concentration factor of 7.9 was achieved, calculated between
the final and initial peak intensity. It was hence confirmed that angling of the analyte
channel is a plausible way to increase the effectiveness of concentrating analytes with
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ICP, as noted in literature [46]. Increasing the angle of channel reduction from 0◦ to 7.1◦,
as was done with this geometry, resulted in increasing the analyte transport speed by
54% and concentration factor by 29%.
3.2 Fluorescein
For the tests involving fluorescein, a 0.6 µL sample of 1 µmol/L fluorescein solution in
0.25x TAE buffer was transported and concentrated within the ∼3 mm x 2.5 mm analyte
channel of a standard µPAD after a voltage application of 50V. Concentrations higher
than 1 µmol/L resulted in less effective transport of the analyte via ICP; the channel
became too over-saturated with fluorescein for ICP to appreciably move, and/or the
captured images were too intense to reliably process. Lower concentrations than this
compromised the visibility and ability to capture meaningful images of the fluorescein’s
transport. The solution was also adjusted to a pH of 8.8 using 1x NaOH solution made
by diluting NaOH pellets in deionized water (Millipore Sigma, Canada). This adjustment
was performed in order to reduce the amount of fluorescence intensity lost, as fluorescein
was experimentally confirmed to lose fluorescence intensity over time, especially at a pH
less than ∼8, as was noted in literature [53].
An example of the experimental results for the fluorescein is shown in Figure 35. The
standard device design with the rectangular analyte channel was chosen to establish a
base from which to work and compare. The center 2.5 mm of the ∼3 mm channel length
was again the segment of the channel that was processed.

























Figure 35: (a) Fluorescein transport and concentration achieved by ICP. (b) Original
photos taken of the µPAD analyte channel at each time interval processed,
included for reference.
Studying Figure 35 above, some of the key visual indicators that ICP has again been
successfully achieved are present. However, there were several key differences between
the characteristic results involving the fluorescein analyte and the dye.
Firstly, the band of fluorescein at 1.1 mm on the curve at 70 seconds formed initially,
without any of the analyte congregation on the right-hand side of the channel as was
seen in cases involving the dye. Additionally, a reduction in the peak intensity can be
seen from the plot at 70 seconds to that at 110 seconds. This reduction in peak value is
not, however, accompanied by a widening of the curve, resulting in a drop in area under
the curve (AUC) of 36% over the 40 seconds between these two steps. This reduction in
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AUC is indicative of a loss of total fluorescent intensity being measured, and therefore
typically a reduction in the total amount of fluorescein analyte present. However, since
the fluorescein cannot flow out of the analyte channel, it must be its emission intensity
that is dropping, despite the pH correction done before the experiments. Further tests
were conducted to confirm whether this drop was caused by the introduction of ICP to
the channel. These tests involved identical devices holding the same fluorescein solution
under identical conditions, but with no applied voltage to induce ICP. It was found that
such samples experienced a maximum of 6% AUC loss over the course of 8 minutes, after
which evaporation of the sample fluid became a considerable factor. This suggests that
the induction of ICP causes a reduction of pH in the fluidic paper channel. It was also
experimentally confirmed that increasing the solutions’ initial pH even further, reducing
the intensity of fluorescent excitation light, or using different solvent buffers all had little
effect alleviating the amount of emission intensity loss.
The tests involving fluorescein confirmed that it is possible to transport and concen-
trate fluorescent tags using ICP, as has been shown in literature. However, the observable
effectiveness of this analyte was notably poor, especially compared to that of the visible
dye. As a result, the ability for ICP to transport and concentrate analytes was shown to
depend on the analyte in question, its chemical properties, and the concentration of the
buffer it is diluted in. Armed with these factors, experience in how to precisely manipu-
late them, and predictive power over their potential effects on ICP, the ability to actively
transport and concentrate immunoglobulins using ICP was tested.
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3.3 Immunoglobulins
The first immunoglobulin tested under the influence of ICP was anti-human-IgE goat IgG
conjugated with fluorescein isothiocyanate (FITC) (ThermoFisher Scientific, Canada).
This is immunoglobulin G, raised in a goat as an antibody to the acting antigen, human
IgE, and tagged with the fluorophore FITC. This FITC-IgG was selected because it was
(1) readily available for purchase, (2) commonly used in traditional LFIAs, (3) tagged
with a fluorphore that was observable under the fluorescent microscope at hand, and (4)
relatively inexpensive.
The blocking and washing procedure also had to be optimized for the µPADs’ op-
eration with the FITC-IgG. Using blocking and washing solutions with higher buffer
concentrations consistently resulted in µPADs that facilitated higher FITC-IgG mobil-
ity, but would cause the nitrocellulose substrate to naturally fluoresce and disturb the
test signals (auto-fluoresence). Conversely, those produced using lower buffer concen-
trations consistently had adequately lower auto-fluorescence, but suffered unacceptably
low mobility of the analyte. The buffer concentration in both the blocking and washing
processes had to hence be configured as to balance (1) the mobility of FITC-IgG in the
paper, and (2) the degree to which the paper material would auto-fluoresence. It was
experimentally determined that blocking in a solution of skim milk in 1.0x TAE buffer,
and washing in a solution of Tween 20 in 0.25x TAE buffer achieve the best balance
between these two factors.
Towards the goal of possibly achieving ICP with FITC-IgG, the two key factors
remained of (1) what dilution of analyte to use, and (2) what concentration of buffer
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to dilute it in. Working across an array of combinations between these two factors, a
notable result was found to happen with 20 mg/L FITC-IgG in 1.0x TAE buffer. An
example of the experimental results for the FITC-IgG under these conditions is shown
in Figure 36.
200 sec 205 sec 235 sec 325 sec 385 sec
465 sec 475 sec 495 sec 505 sec 525 sec
565 sec 595 sec 625 sec 655 sec 800 sec
Figure 36: The erratic behaviour displayed by FITC-conjugated anti-human-IgE goat
IgG when placed under ICP in the µPAD.
Studying the above Figure, one can see that nearly none of the key visual indicators of ICP
are present. The marginally visible band of analyte begins to propagate slightly across
the channel at around 205 seconds. However, after this point, the FITC-IgG experiences
random, seemingly chaotic movement, traveling back and forth across the analyte channel
and forming several different irregular shapes at separate points in time. While the
occurrence of any kind of observable movement of FITC-IgG in these experiment runs
was rare - such chaotic patterns were observed in 36 out of 115 test runs conducted -
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the motion that was observed remained consistently swirling and chaotic in nature, and
faded over time.
A second immunoglobulin, anti-human-IgE mouse IgG conjugated with phycoerythrin
(PE), was purchased and tested (ThermoFisher Scientific, Canada). This PE-IgG was
needed because (1) FITC was confirmed to be a fluorophore that was easily quenched,
and had low photostability in buffer, and (2) the chaotic movement of the analyte under
ICP needed to be confirmed as either a result tied to FITC-IgG specifically, or was a
characteristic of immunoglobulins as a whole. Experimentally optimized similarly to the
FITC-IgG, the PE-IgG was diluted to 2 mg/L in 1.0x TAE buffer, blocked in 1.0x TAE
buffer solvent, and washed in 0.25x TAE buffer solvent. An example of the experimental
results for the PE-IgG under these conditions is shown in Figure 37 below.
245 sec 260 sec 275 sec 300 sec 325 sec
350 sec 375 sec 400 sec 425 sec 450 sec
525 sec 625 sec 725 sec 850 sec 1100 sec
Figure 37: An example of the swirling erratic behaviour displayed by PE-conjugated
anti-human-IgE mouse IgG when placed under ICP.
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The above time-lapse was one example of the consistently erratic motion of the an-
tibody analytes. It was evident that the chaotic swirling movement was characteristic
of IgG, if not immunoglobulins as a whole. The PE-IgG offered the advantage of higher
photostability in buffer, and more protection against quenching. This caused the motion
of the IgG to be more visible and for longer time peroids, even at lower concentrations.
The problem remained, however, of what was causing this erratic behaviour.
Further investigation specifically into the electro-chemical nature of immunoglobulins
yielded a joint study by Emmaminejad et al. between the university of California and
the Standford School of Medicine [54]. In this study, sensitivity of traditional lateral
flow assays is increased by leveraging the isoelectric point of different fragments of the
immunoglobulins for immobilization. The “isoelectric point” is a property of many com-
plex biological molecules defined as the pH at which the molecule carries no net electric
charge. This means that molecules that have this property can be made to have either
a positive or negative charge when placed at a pH that is either below or above this
point, respectively. Emaminejad et al. pointed out that the complexity of immunoglobu-
lin molecules resulted in different fragments of the antibodies having different isoelectric
points from one another. Therefore, with ICP being an electrokinetic process, the pH
of solutions containing immunoglobulins must be considered as a key factor to their use
in ICP-inducing devices. Experimental runs of ICP conducted with samples of IgG were
performed while varying the pH of the analyte solutions by increments of 0.5. Examples
of the results are shown below in Figure 38.






















































































Initial 115 sec 250 sec
(a)
1 mm
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Initial 155 sec 225 sec Initial 100 sec 175 sec
Figure 38: Transport and concentration of IgG via ICP. (a)-(c) Three examples of the
successful transport and concentration of PE-IgG accomplished by ICP at
pH = 9.5. (d) One of the 2 successful runs of transport and concentration
of the FTIC-IgG accomplished by ICP at
pH = 10.
As seen above in Figure 38, the key visual indicators that ICP has been successfully
achieved are now present, with a distinct analyte concentration line developed in each
case shown. Running experiments at pH values between 7 and 12, in 0.5 increments,
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such results were found to be possible for PE-IgG at 9≤pH≤10 (with all those shown in
Figure 38 conducted at pH = 9.5) and for FITC-IgG at pH = 10. For PE-IgG, the peak
concentration speed was 1.1 mm/min, achieved in the run depicted in Figure 38(b); and
the greatest concentration factor calculated between final and peak intensity was 15.3,
achieved in the run depicted in Figure 38(c).
Shown in Figure 38(d) is the better of two visibly successful runs of ICP on FITC-IgG.
Both successful runs were very similar in shape and nature, with a maximum transport
speed of 0.6 mm/min and a maximum concentration factor of 5.1. In addition, the FITC-
IgG required high initial concentrations in order to achieve this visibility. Even as such,
the signal suffered quenching reductions over time. The inability of the FITC tag to
produce detectable signal with reliable intensity and longevity suggests that ICP tests
involving immunoglobulins require more expensive and robust fluorescent tags. With
the PE-IgG, the minimal initial concentrations needed in order to produce visible results
were decrease by a factor of 10, which is a critical function when the final application of
such tests will be targets with low concentration.
Importantly, in every case shown in Figure 38, chaotic movement of the IgG ensued
less than 45 seconds after the final captured images. The effects of setting the pH of the
analyte solution beforehand had an obviously positive impact on the functionality of ICP,
but it was not a permanent effect. I hypothesize that the chaotic movement of the IgG
samples originally observed is caused primarily by the irregular charges of the molecules
in a traditionally prepared sample. Setting the pH of the solutions then forces the charge
of the IgG molecules to begin as completely uniform at the onset of each experiment,
resulting in the successful, collective transportation and concentration via ICP shown
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in Figure 38. The fact that this uniformity expires by some means after a certain time
supports the hypothesis postulated in section 3.2 that the induction of ICP is able to
substantially change the pH of the fluid in the paper analyte channel. With these effects
changing the pH, and the change in pH altering the effects of ICP, the result could very
well be a perpetual relationship that results in an unstable, quasi-chaotic system.
Together, these findings present a foundation on which to base works on implementing
ICP into µPADs use with immunoglobulins as well as other simple analytes. It has been
shown that performing ICP in paper is a much more involved and complicated process
than one may initially speculate; it requires thorough knowledge of the electro-chemical
phenomena that induce ICP, as well as hundreds of test runs in experiments due to the




Throughout my research, I used ICP to successfully transport and concentrate simple
colorimetric and fluorescent analytes in paper. In addition, I successfully used ICP to
perform active transportation and concentration of immunoglobulins, which has yet to
be performed in literature. I was able to do so only with the available animal samples
(mouse and goat) of IgG; an identical class, yet distinct immunoglobulin from those
in humans. I hence concluded that the application of ICP to pre-concentrate samples
of IgG is possible and effective in practice. It was shown that more reliable results of
such manipulation requires more robust fluorescent tags in order to achieve visibility at
low initial concentrations. I confirmed the adaptations found in literature that (1) the
reversal of transportation direction of anayltes is an attainable function by reversing the
polarity of the device electrodes, and (2) geometric optimization of the µPAD channel
shape can increase the effectiveness of analyte concentration.
67
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4.2 Recommendations for Future Work
The following points are the next steps for potential future studies meant to better
understand and improve ICP in µPADs, and ICP’s potential in being applied to a paper-
based allergy test. These recommendations are beyond the scope of this thesis but can
serve as important steps for future investigation:
• The specialization, resources, and equipment required to bind a sample of human
IgE directly with a colorimetric or fluorescent tag is beyond the scope of this thesis.
It is recommended that such a product be created or made available, and then its
potential transportation and concentration be tested in the developed ICP µPAD.
• There yet remains the problem of separating IgE from the other biological compo-
nents of human sample before being concentrated. While ICP has suggested the
ability to simultaneously separate and concentrate analytes on solution that have
distinguishing characteristics [47], the process is still imprecise. Isotachophoresis
(ITP) is another electrokinetic process proven to work in paper that separates ana-
lytes using specially designed electrolytes of particular and varying electrophoretic
mobility [55, 56]. A µPAD able to couple ITP with ICP may have the potential to
provide the full functionality needed to prepare human samples for the testing site
in a paper-based allergy test, by separating them from other sample constituents
and then concentrating them to the required limit of detection.
• After a final functional device is produced, work may continue with our lab’s partner
company on the allergy test project into clinical trials of human samples.
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